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Chapter 4 
Redox-state dependent coordination 
chemistry of the Mn-tmtacn family of 
complexes 
 
The solution chemistry of Mn-tmtacn complexes in CH3CN is explored, with focus on the 
various µ-oxo and/or µ-carboxylato bridged manganese dimers and their interconversion. 
The nature of the non-carboxylato bridging ligands of the manganese dimers is determined 
by both the redox state of the manganese centres and presence or absence of carboxylic 













Part of this chapter has been published: 
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The study of the coordination chemistry of Mn-tmtacn was initiated and developed by 
Wieghardt and coworkers in the late 1980’s because of the relevance of these complexes as 
model compounds for biologically important manganese-containing enzymes such as 
manganese catalases and photosystem II (PS II).1,2 A series of dinuclear Mn-tmtacn 
complexes containing oxo and/or acetato bridging ligands, such as [MnIII2(µ-O)(µ-
CH3CO2)2(tmtacn)2]2+ 3a, [MnII2(µ-OH)(µ-CH3CO2)2(tmtacn)2]+ 3b, [MnII2(µ-
CH3CO2)3(tmtacn)2]+, [MnIII,IV2(µ-O)(µ-CH3CO2)2(tmtacn)2]3+ 4 and [MnIV2(µ-
O)3(tmtacn)2]2+ 1 were described.1,2 In their work, Wieghardt and coworkers focused on the 
synthesis of the Mn-tmtacn family of complexes and on the characterisation of their 
physical properties, with emphasis on single crystal X-ray structure analysis and magnetic 
properties (e.g. ESR and magnetic susceptibility).3,4,5 
For these dinuclear complexes, containing µ-acetato and/or µ-oxo bridges, a series of redox 
states (MnII2 to MnIV2) are accessible. The solid state structure (i.e. X-ray crystallography) 
and the study of the solution chemistry of the dinuclear manganese (µ-acetato) complexes 
demonstrates the propensity for dinuclear manganese systems to undergo rearrangement of 
their bridging ligands in response to changes in redox state.6,7,8,9 Indeed, in lower oxidation 
states the complexes favour acetato and hydroxo bridging ligands whereas in higher 
oxidation states µ-oxo bridging ligands are favoured.  
For the complex [MnIII2(µ-O)(µ-CH3CO2)2(tmtacn)2]2+ 3a the 
MnIV2/MnIIIMnIV/MnIII2/MnIIMnIII  redox couples are fully reversible in (anhydrous) 
CH3CN.2,6,7 Also the complex [MnII2(µ-OH)(µ-CH3CO2)2(tmtacn)2]+ 3b exhibits two 





















































Figure 4.1 Summary of aqueous solution chemistry of Mn-tmtacn complexes, 
reported by Wieghardt et al.2,10 and Hage et al.11 
While in anaerobic acidic aqueous solution complex 3a disproportionates to yield 
[MnIII,IV2(µ-O)(µ-CH3CO2)2(tmtacn)2]3+ 4 as the only isolable complex,1a,2 in alkaline 
aqueous solution and in the presence of oxygen, complex 3a is oxidized to form 1 (and 
trace amounts of MnO2) (Figure 4.1).2 Another interesting complex isolated by Wieghardt 
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and coworkers is the µ1,2-peroxo bridged complex [MnIV2(µ-O)2(µ-O2)(tmtacn)2]2+ 5 that 
releases O2 in anaerobic aqueous solution upon formation of a MnIII2 intermediate which in 
turn forms 1 after a series of disproportionation reactions.10 Investigation of the complex 
electrochemical properties of 1 by Hage and coworkers showed by UV-Vis spectroscopy 
that the in situ formation of dinuclear MnIII2 bis(µ-carboxylato) species upon bulk reduction 
of 1 in citrate buffer occurred, however, this complex was not isolated.11  
Mixing equimolar amounts of [MnIII2(µ-O)(µ-CH3CO2)2(tmtacn)2]2+ and [MnIII2(µ-O)(µ-
CH3CO2)2(tacn)2]2+ results in slow formation of the mixed ligand species [MnIII2(µ-O)(µ-
CH3CO2)2(tmtacn)(tacn)]2+ 12 as shown by 1H NMR spectroscopy.13 The lability of both the 
µ-oxo and µ-acetato bridges is demonstrated further by the formation of mononuclear 
complexes of the type [MnIII(X)3(tmtacn)] (X = N3-, Cl- or NCS-) when 
[MnIII2(µ-O)(CH3CO2)(tmtacn)2]2+ is in the presence of the corresponding anion in 
ethanol.2,14 
In this chapter the preparation and physical properties of bis(trichloroacetato) complexes 
2a-2d (Figure 4.2) will be discussed first. Furthermore, the rich solution chemistry of these 
complexes in CH3CN will be explored, building upon the work of Wieghardt and 
coworkers. Finally, the conversion of tris(µ-oxo) complex 1 into bis(carboxylato) 
complexes such as 2a will be described. 
4.1   Synthesis and characterisation of MnIII2 bis(µ-carboxylato) 
complexes 
The synthesis of the dinuclear MnIII2 bis(µ-carboxylato) complexes (2a, 3a and 6-27) was 
carried out via a net two-electron reduction of 1 (Scheme 4.1). Upon addition of 
1.1 equivalents of L-ascorbic acid to an aqueous solution of 1 in the presence of two 
equivalents of the carboxylic acid of interest, the clear red solution darkened immediately 
and a purple/brown precipitate formed within 30-60 sec due to exchange of two of the 
bridging µ-oxo ligands by two bridging carboxylato groups. The stability of the MnIII2 
bis(carboxylato) complexes in aqueous solution is dependent on the nature of the acid 
employed and it is thus important to remove the precipitated complex quickly from the 
aqueous environment by filtration. Furthermore, for several of the less polar carboxylic 
acids, the use of a minimal amount of methanol or acetone as co-solvent was required to 



























2a, 3a and 6-27
1) 2 equiv. RCO2H
1 equiv. L-ascorbic acid




Scheme 4.1 Synthesis of 2a, 3a and 6-27 from 1 (9-88 % yield).  
Crystals suitable for structure determination by single crystal X-ray diffraction of 





a solution of the respective complexes in CH3CN (see Figure 4.3 for ORTEP drawings and 
Appendix B for more details). All four dinuclear complexes show the facial coordination of 
one tmtacn ligand to each manganese(III) cation. The two manganese centres are bridged 






























































































































































Figure 4.2 Complexes 1-27.  
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Figure 4.3 ORTEP drawing of a) 2a (trichloroacetato), b) 6 (benzoato), 
c) 7 (4-bromobenzoato) and d) 8 (4-nitrobenzoato) complexes (PF6- anions omitted 
for clarity). For details, see Appendix B.  
The dinuclear nature of the MnIII2 bis(µ-carboxylato) complexes is retained in (acetonitrile) 
solution as shown by 1H NMR, UV-Vis and FT-IR spectroscopy, mass spectrometry and 
electrochemistry (vide infra). 1H NMR spectra of complexes 2a, 3a (Figure 4.4b) and 6-27 
exhibit very large chemical shifts and broad signals similar to those of 
[MnIII2(O)(CH3CO2)2(tmtacn)2]2+ 3a, reported by Hage et al.13 (Figure 4.4a). Electrospray 
ionisation mass spectrometry (ESI-MS) of the MnIII2 complexes 2a and 6-27 show both the 
dication [MnIII2(O)(RCO2)2(tmtacn)2]2+ and the ion pair 
[{MnIII2(O)(RCO2)2(tmtacn)2}(PF6)]+ (see Figure 4.5a for the spectrum of 2a).  
It is worth noting, especially in light of the use of mass spectrometry as a mechanistic probe 
(see Chapter 5), that the magnitude of the voltages applied can have a dramatic effect on the 
number and type of the species observed.i While at low voltages the dinuclear species 
[MnIII2(µ-O)(µ-CH3CO2)2(tmtacn)2]2+ (m/z 293.2) and [{MnIII2(µ-O)(µ-CH3CO2)2 
                                                     
i A second word of caution holds for the presence of additives such as formic or acetic acid. While 
typically these acids are used to allow for the observation of (the protonated forms of) organic 
analytes by ESI-MS, in the present case their presence is detrimental to the spectra obtained, since 
ligand exchange of the carboxylato bridges with formato and/or acetato ligands occurs, resulting in 





(tmtacn)2}(PF6)]+ (m/z 731.2) are observed, at higher voltages the replacement of these 
signals by signals of mononuclear species such as [MnII(CH3CO2)(tmtacn)]+ (m/z 285.3) is 









Figure 4.4 1H NMR spectra in CD3CN of a) 3a (20 mM) and b) 2a (20 mM). 
Assignments for 3a as reported by Hage et al.13  









































Figure 4.5 a) ESI-MS of 2a in CH3CN showing m/z 395.0 [MnIII2(µ-O)(µ-
CCl3CO2)2(tmtacn)2]2+ and 934.9 [{MnIII2(µ-O)(µ-CCl3CO2)2(tmtacn)2}(PF6)]+. The 
signal at m/z 809.0 [MnII2(µ-O2H3)(µ-CCl3CO2)2(tmtacn)2]+ is generated inside the 
mass spectrometer. b) ESI-MS of 3a in CH3CN at i) low voltages (ionspray voltage 
5200V, OR +10V, ring +50V, Q0 -3V) showing only the dimer m/z 293.2 [MnIII2(µ-
O)(µ-CH3CO2)2(tmtacn)2]2+ and ii) high voltages (ionspray voltage 5200V, OR 
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The MnIII2 bis(µ-carboxylato) complexes 2a, 3a and 6-27 are ESR silent at 77 K in CH3CN. 
UV-Vis spectroscopy shows absorption bands at 485, 530, 725 and 1000 nm for 2a 
(Figure 4.6). These bands are typical for the absorption spectrum of {MnIII2(O)(RCO2)2} 
complexes such as 3a.6,7,11 The complexes 2a, 3a and 6-27 show similar UV-Vis spectra 
(Figure 4.6). The solid state FT-IR spectrum of 2a (in KBr) shows a µ-carboxylato bridge 
absorption at 1659 cm-1, an absorption which is retained upon dissolution in CH3CN 
(Figure 4.12 and 4.13, vide infra).  











































Figure 4.7 Cyclic voltammetry in CH3CN (0.1 M TBAPF6), scan rate 100 mVs-1, of 





The cyclic voltammetry of 3a in CH3CN (Figure 4.7a) is in agreementii with that reported 
earlier by Wieghardt and coworkers.2,7 Reversible one-electron reduction of 3a{MnIII2} to 
{MnII,III2} is observed at E½ -0.14 V and two separate one-electron oxidations to form the 
corresponding {MnIII,IV2} and {MnIV2} species are observed at E½ 0.98 and 1.60 V, 
respectively. Similar processes are observed for 2a (Figure 4.7b). The anodic shift of both 
the reduction and oxidation potentials of 2a compared to 3a is in accordance with the  more 
electron-withdrawing nature of the µ-trichloroacetato bridges compared with the µ-acetato 
bridges. Redox data for other [MnIII2(O)(RCO2)2(tmtacn)2]2+ complexes (6-27) in CH3CN 
(0.1 M TBAPF6) are reported in Table 4.1.  
Table 4.1 Redox data for [Mn2(µ-O)(µ-RCO2)2(tmtacn)2]n+ complexes.a 
Complex RCO2- E½ II,III-III,III  E½ III,III-III,IV  E½ III,IV-IV,IV  
2a CCl3CO2-  0.26 (70) 1.40 (120) 2.06 (Ep,a) 
3a CH3CO2- -0.14 (80) 0.98 (120) 1.60 (120) 
27 -O2C(CH2)3CO2- -0.25 (Ep,c) 1.05 (155) 1.73 (230) 
9 tBu-CO2-  -0.11 (60) 1.07 (110) 1.74 (120) 
6 benzoato -0.06 (60) 1.06 (90) 1.65 (115) 
10 4-iodobenzoato -0.03 (70) 1.08 (95) 1.67 (130) 
7 4-bromobenzoato -0.03 (70) 1.09 (100) 1.68 (125) 
11 3-chlorobenzoato  0.02 (70) 1.15 (110) 1.70 (150) 
12 4-chlorobenzoato -0.07(80) 1.10 (95) 1.69 (125) 
13 2,6-dichlorobenzoato  0.08 (70) 1.24 (100) 1.85 (130) 
14 2,4-dichlorobenzoato  0.01 (76) 1.16 (100) 1.78 (130) 
15 2,4,6-trichlorobenzoato  0.08 (110) 1.25 (170) 1.86 (120) 
16 4-fluorobenzoato -0.04(70) 1.08 (105) 1.67 (140) 
17 2,4-difluorobenzoato -0.02 (75) 1.11 (90) 1.68 (120) 
18 2,6-difluorobenzoato  0.01 (90) 1.16 (130) 1.72 (100) 
19 3,4-difluorobenzoato  0.00 (60) 1.11 (80) 1.69 (120) 
20 3,5-difluorobenzoato  0.01 (75) 1.15 (120) 1.71 (110) 
21 3-hydroxybenzoato -0.07 (Ep,c) 1.07 (95) - 
22 4-hydroxybenzoato -0.08 (Ep,c) 1.01 (130) - 
23 2-methoxybenzoato -0.12 (70) 1.00 (95) 1.58 (135) 
24 4-methoxybenzoato -0.09 (75) 1.03 (110) 1.61 (135) 
8 4-nitrobenzoato  0.03 (65) 1.15 (80) 1.74 (100) 
25 3-cyanobenzoato  0.04 (80) 1.17 (99) 1.76 (130) 
26 2,4,6-trimethylbenzoato -0.04 (Ep,c) 1.19 (173) - 
a) All complexes are 1 mM in CH3CN (0.1 M TBAPF6), scan rate 100 mVs-1. E½ in 
V vs. SCE (|Ep,a-Ep,c| in mV). For irreversible processes only Ep,c or Ep,a is given. All 
values +/- 10 mV. 
                                                     
ii That is, the potentials and assignments of the redox processes of 3a in CH3CN are in agreement with 
those reported by Wieghardt and coworkers (ref. [2] and [6]). However, while Wieghardt et al. 
reported that two-electron reduction of 3a in CH3CN in the presence of H2O resulted in dissociation 
into two MnII monomers, it will be shown in sections 4.3 and 4.4 that the {MnIII2(µ-O)(RCO2)2} 
complexes retain their dinuclear structure upon reduction in the presence of carboxylic acid and/or 
water. The irreversibility of the two-electron reduction wave is due to protonation and opening of the 
µ-oxo bridge, yielding {MnIII2(µ-O2H3)(RCO2)2} species. 
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4.2   Synthesis and characterisation of MnII2 bis(µ-carboxylato) 
complexes 
Complex 2b was prepared from Mn(ClO4)2.6H2O, tmtacn and CCl3CO2Na in MeOH under 
N2 by the same procedure as reported by Wieghardt et al. for the corresponding acetate 
complex.2 Crystals suitable for single crystal X-ray diffraction were obtained upon storing 
the reaction mixture at 6 °C (Figure 4.8). Both manganese(II) centres are each coordinated 
to a tmtacn ligand. Two µ-trichloroacetato ligands and one µ-hydroxo ligand bridge the 
dinuclear structure. ESI-MS shows the [MnII2(µ-OH)(CCl3CO2)2(tmtacn)2]+ (m/z 791.0) 
cation, thus showing that this structure is retained in CH3CN solution. The complex does 
not absorb in the near UV or visible region (Figure 4.9). 
 
Figure 4.8 ORTEP drawing of 2b, see Appendix B for selected bond angles etc. 
(ClO4- anion is omitted for clarity). 
Complex 2c was prepared by reduction of 1 with two equivalents of H2NNH2 in CH3CN in 
the presence of two equivalents of CCl3CO2H and was isolated as a white powder. 
Unfortunately crystals suitable for single crystal X-ray diffraction were not obtained, due to 
the instability of 2c in solution. The observation of the [MnII2(µ-
O2H3)(µ-CCl3CO2)2(tmtacn)2]+ cation by ESI-MS at m/z 808.9 is in agreement with the 
structure depicted in Figure 4.2 containing a µ-O2H3 bridge.15 However, it should be noted 
that ESI-MS on itself is not sufficient proof for this assignment of the µ-O2H3 bridge. The 
alternative assignment of this signal as a simple H2O adduct of 2b, i.e. [2b.H2O]+, is also 
conceivable since solvent adducts of (cationic) complexes can be observed readily by 
ESI-MS. In the following sections, further evidence will be provided that the MnII2 
complexes 2b and 2c contain different non-carboxylato bridges, i.e. µ-OH and µ-O2H3 
respectively. Magnetic susceptibility measurements indicate that the bridging ligands in 2b 
and 2c are different and both ESR and FT-IR spectroscopy give strong indications for the 


























Figure 4.9 UV-Vis spectra of 2a (solid line), 2b (dashed line) and 2c (dotted line)iii 
(1 mM in CH3CN). 
4.2.1   Magnetic susceptibility 
At 300 K, the complex 2b exhibits a χMT value of 6.54 cm3 K mol−1 which is lower than 
the theoretical value of 8.754 cm3 K mol−1 expected for two high-spin non-interacting 
manganese(II) ions (S=5/2) (Figure 4.10). The χMT value decreases monotonically with 
decreasing temperature, behavior which indicates that the two manganese(II) ions 
experience antiferromagnetic interactions (J = −16.8 cm−1, g = 2, R = 3×10−5). These results 
are very similar to those observed for [MnII2(µ-OH)(µ-CH3CO2)2(tmtacn)2]+ as reported by 
Wieghardt and coworkers (J = -18 cm-1, g = 2.00).2  






























































Figure 4.10 Temperature dependence of χMT (circles) and χM (squares) for: 2b 
(left), J = -16.8 cm−1, g = 2, R = 3×10−5 and 2c (right), J = -2.1 cm−1, g = 2, R = 
3×10−3. The solid line in all graphs represents the best fit. 
                                                     
iii The absorption seen for 2c around 530 nm is due to a minor amount of MnIII2 dimer. 
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For 2c at 300 K, the complex exhibits a χMT value of 6.74 cm3 K mol-1, which is lower than 
the theoretical value of 8.754 cm3 K mol-1 expected for two S=5/2 non-interacting 
manganese(II) ions (albeit slightly higher when compared with 2b) (Figure 4.10). Again, 
the χMT value decreases monotonically with decreasing temperature, indicating the 
presence of antiferromagnetic interactions (J = −2.1 cm−1, g = 2, R = 3×10−3). For 2c, the 
antiferromagnetic exchange coupling between the two manganese(II) ions is considerably 
smaller than the antiferromagnetic exchange coupling observed for the complex 2b, thus 
suggesting that the µ-hydroxo bridge is primarily responsible for the magnetic interaction, 
rather than the µ-carboxylato bridges.  
4.2.2   ESR 
The ESR spectra of both 2b and 2c in CH3CN (at 77 K, Figure 4.11) are characterized by 
broad features at g ~ 2, which do not show discernible hyperfine splitting. The spectrum of 
2c itself in CH3CN is unaffected by addition of CCl3CO2H (Figure 4.11b i and iii). While 
broad signals are observed for 2c in CH3CN, the appearance of a distinct 
hyperfine-coupling pattern (a = 45 G) is observed upon addition of cyclooctene in the 
presence of CCl3CO2H (Figure 4.11b iv), although the overall shape and intensity of the 
spectrum is not affected.  
Addition of 10 equiv. of CCl3CO2H (10 mM) to 2b (1 mM, Figure 4.11a i and iii) results in 
the appearance of a spectrum identical to that of 2civ and subsequent addition of 
cyclooctene (1 M) results in the appearance of a distinct16 hyperfine splitting (a = 45 G). 
The observation of a solvent polarity dependence on the resolution of the hyperfine 
structure for 2c is in agreement with the assignment of a µ-O2H3 bridging unit being 
present. 



























Figure 4.11 X-band ESR spectra at 77 K in CH3CN. a) complex 2b (1 mM) in the 
presence of 1,2-dichlorobenzene (0.5 M) i) with and ii) without cyclooctene (1 M). 
iii) 2b and CCl3CO2H (10 mM) and iv) 2b in the presence of cyclooctene (1 M) and 
CCl3CO2H (10 mM). b) 2c (1 mM) i) with and ii) without cyclooctene (1 M). iii) 2c 
with CCl3CO2H (10 mM), iv) 2c with CCl3CO2H (10 mM) and cyclooctene (1 M). 
                                                     
iv The quantitative conversion of 2b to 2c upon addition of CCl3CO2H was observed by cyclic 





4.2.3   FT-IR spectroscopy 
In the solid state a sharp absorption at 3620 cm-1, assigned to the µ-OH bridge, is observed 
in the spectrum of 2b (Figure 4.12). The µ-OH absorption band corresponds to that of the 
related [MnII2(µ-OH)(µ-CH3CO2)2(tmtacn)2]+ complex (3520 cm-1)2 and, for example, 
dinuclear ZnII2(µ-OH) complexes (3618 cm-1).17 Complex 2c on the other hand, exhibits a 
set of three broad absorption bands at 3593, 3433 and 3251 cm-1 assigned to a µ-O2H3 
bridge, based upon comparison with dinuclear {ZnII2(µ-O2H3)} complexes.18 
The µ-carboxylato absorptions (Figure 4.12) of 2b and 2c (1692 and 1695 cm-1, 
respectively) are similar to that of 2a (1659 cm-1). The absorptions assigned to the 
CCl3CO2–  moieties of 2a and 2b are blue shifted significantly (80-90 cm-1) from the 
corresponding CH3CO2– bridged complexes (1570 and 1615 cm-1, respectively).2,19 Both 2b 
(1 mM, Figure 4.13) and 2c (data not shown) show a strong absorption at 1695 cm-1 in 
CH3CN solution, identical to that observed in their solid state spectra. Similarly, for 2a the 




















Figure 4.12 Solid state FT-IR spectra (in KBr powder) of 2a, 2b and 2c.  
Addition of CCl3CO2H (10 equiv.) to a solution of 2b in CH3CN results in the 
disappearance of the absorption band at 1695 cm-1 and the appearance of a strong 
absorption band at 1720 cm-1 (Figure 4.13 i and ii). Addition of D2O results in the partial 
recovery of the absorption band at 1695 cm-1 (Figure 4.13 v). The carboxylato vibrations of 
the tris(carboxylato) bridged complex [MnII2(µ-CH3CO2)3(tmtacn)2]+, reported by 
Wieghardt et al. at 1636 cm-1, are at higher energy than for the corresponding 
bis(carboxylato) complex [MnII2(µ-OH)(µ-CH3CO2)2(tmtacn)2]+ (1615 cm-1).2 This supports 
the assignment of the absorption at 1720 cm-1 as being due to the tris(carboxylato) complex 
[MnII2(µ-CCl3CO2)3(tmtacn)2]+, formation of which is suppressed by addition of water. 
Thus, bis(carboxylato) complex 2c is in equilibrium with the tris(carboxylato) complex 
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[MnII2(µ-CCl3CO2)3(tmtacn)2]+ in the presence of excess CCl3CO2H;v however, the 
presence of water favours the formation of the corresponding bis(carboxylato) complex, 
i.e. 2c. 
1600165017001750
2b + CCl3CO2H + cyclooctene + D2O
2b + CCl3CO2H










Figure 4.13 FT-IR spectra (solvent substracted) in CH3CN of i) 2a (1 mM), ii) 2b 
(1 mM), iii) 2b (1 mM) with CCl3CO2H (10 mM), iv) 2b (1 mM) with CCl3CO2H 
(10 mM) and cyclooctene (1 M) and v) as for iv) except with 5% D2O.  
4.3   Electrochemical properties of 2a-d 
4.3.1   Cyclic voltammetry of 2a 
The cyclic voltammetry of 2a in CH3CN shows three redox waves. Scanning cathodically 
from the open circuit potential (OCP) reveals a reversible one-electron reduction of 2a 
{MnIII2(µ-O)} to form the corresponding {MnII,III2(µ-O)} complex at E½ 0.26 V 
(Figure 4.14). Anodically two redox processes are observed. The reversible one-electron 
oxidation at E½ 1.40 V forms MnIII,IV2 and at higher potential an irreversible one-electron 
oxidation to MnIV2 is observed at Ep,a 2.06 V. The effect of addition of 10 equiv. of 
CCl3CO2H on the anodic process of 2a is minimal (Figure 4.14); however, the reversible 
one-electron reduction (MnIII2/MnII,III2) changes to an irreversible two-electron reduction 
(Ep,c 0.29 V). The return wave of this latter process occurs at Ep,a 1.10 V, and this process in 
turn has a return wave at Ep,c 0.74 V (see Figure 4.14 for scans over a narrower potential 
window). Both the irreversibility of the reduction at Ep,c 0.29 V and the occurrence of the 
new redox waves at Ep,a 1.10 V and Ep,c 0.74 V indicates that the complex undergoes a 
                                                     
v For example, the corresponding complex [MnII2(µ-2,6-dichlorobenzoato)3(tmtacn)2]+ (m/z 1019) has 
been observed by ESI-MS in the presence of 10 equiv. of 2,6-dichlorobenzoic acid and cyclooctene 





structural change upon change of the oxidation state of the manganese centres. Assignment 
of these redox-driven structural changes is aided considerably by examination of the 
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Figure 4.14 Cyclic voltammetry (100 mV s-1) of 2a (1 mM) in CH3CN (0.1 M 
TBAPF6), in the absence (dotted lines) and presence (solid lines) of CCl3CO2H (10 
mM) and (below) over a narrower potential window (offset for clarity). 
Table 4.2 Redox data for 2a-c (1 mM) in CH3CN (0.1 M TBAPF6).a 





without CCl3CO2H      
     2a    0.26 (70) 1.40 (100) 
     2b   0.53 (100)   
     2c 0.30, 0.54, 0.76 1.11    
with CCl3CO2Hb      
     2a 0.29 and 0.74c 1.10   1.40 (90) 
     2b 0.17 and 0.72c 1.08    
     2c 0.75 1.09   1.63 (Ep,a) 
a) All values +/- 10 mV. E½, Ep,c and Ep,a in V vs. SCE, |Ep,a-Ep,c| between 
parentheses (in mV). b) 10 mM c) Assigned to 2d. 
4.3.2   Cyclic voltammetry of 2c 
For 2c {MnII2(µ-O2H3)} oxidation is observed at Ep,a 1.11 V in the absence of CCl3CO2H 
(Figure 4.15). The three return waves observed correspond to further chemical reaction of 
the {MnIII2(µ-O2H3)} complex formed upon oxidation, including formation of 2a 
(Ep,c 0.30 V). In the presence of 10 equiv. of CCl3CO2H, the {MnII2(µ-O2H3)} to 
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{MnIII2(µ-O2H3)} two-electron oxidation remains unchanged; however, only a single return 
wave is observed: a two-electron reduction of MnIII2 to MnII2 at Ep,c 0.75 V. This wave is 
assigned to the deprotonated form of the complex, i.e. 2d {MnIII2(µ-OH)2}, since the 
cathodic shift of over 300 mV implies that the species responsible for the return at 
Ep,c 0.75 V is not {MnIII2(µ -O2H3)} itself,20 but its deprotonated form since it occurs at a 
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Figure 4.15 Cyclic voltammetry (100 mV s-1) in CH3CN (0.1 M TBAPF6). a) 2c (1 
mM) in the absence (dotted lines) and presence (solid lines) of CCl3CO2H (10 mM). 
b) 2c (solid lines) and 2a (dashed lines) with CCl3CO2H (10 mM) (offset for clarity).  
4.3.3   Cyclic voltammetry of 2b 
For 2b {MnII2(µ-OH)} in the absence of CCl3CO2H, a reversible one-electron oxidation to 
{MnII,III2(OH)} is observed at E½ 0.53 V. Addition of 10 equiv. of CCl3CO2H results in a 
dramatic change to the cyclic voltammetry of 2b (Figure 4.16) with behavior identical to 
that observed for 2c {MnII2(µ-O2H3)} in the presence of CCl3CO2H (Figure 4.15). In the 
presence of 10 equiv. of CCl3CO2H the one-electron oxidation at E½ 0.53 V from 2b is 
replaced by an irreversible two-electron oxidation at Ep,a 1.08 V (assigned to 2c). Thus, in 
the presence of CCl3CO2H, 2b {MnII2(µ-OH)} is converted quantitatively to 2c 
{MnII2(µ-O2H3)}. 
Comparison of the cyclic voltammetry of 2a, 2b, and 2c in the presence of 10 equiv. of 
CCl3CO2H reveals remarkable similarities (Figures 4.14, 4.16 and 4.15, respectively) and 
allows for assignment of the structural changes that 2a undergoes in the presence of 
CCl3CO2H (Figure 4.14). However, the relative number of electrons involved in the 
different processes, which follow the two-electron reduction of 2a in the presence of 10 
equiv. of CCl3CO2H (MnIII2 to MnII2) is unclear when examined by diffusion controlled 
cyclic voltammetry as displayed in Figure 4.14. Therefore, cyclic voltammetry of 2a in the 





electrochemically generated species close to the working electrode (Figure 4.17). From the 
peak current of the return wave (Ep,a 1.17 V) observed after reduction (Ep,c 0.26 V) of 2a 
{MnIII2(µ-O)}, it is clear that the return process is a two-electron process (MnII2 to MnIII2) 
also. The species generated by this oxidation (2d) is itself reduced again at Ep,c 0.73 V 
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Figure 4.16 Cyclic voltammetry (100 mV s-1) in CH3CN (0.1 M TBAPF6). a) 2b (1 
mM) in the absence (dotted line) and presence (solid line) of CCl3CO2H (10 mM). b) 
















Potential (V vs. SCE)
 
Figure 4.17 Cyclic voltammetry (100 mV s-1) of 2a (1 mM) in CH3CN (0.1 M 
TBAPF6), in presence of  CCl3CO2H (10 mM) under thin layer conditions (lower 
graph offset for clarity). 
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Addition of one equivalent of CCl3CO2H to 2a was found to be sufficient to render the 
reduction of 2a {MnIII2(O)} irreversible, indicating that the process is a 2e-/1H+ coupled 
process. The bielectronic nature of the reduction wave, apparent from its intensity relative 
to the MnIII2/MnIII,IV2 oxidation waves, may be misleading in that the initial reduction is 
H+/e- coupled followed by a structural change and a subsequent one-electron reduction. It 
should be noted that for 2b the MnII,III2 reduction is 240 mV more anodic than for 2a (in the 
presence of CCl3CO2H). Hence, the (overall) two-electron reduction of 2a under acidic 
conditions may be described more accurately by an ECE mechanism, i.e. one-electron 
reduction of 2a is coupled with protonation of the µ-oxo bridge which is followed by a 
second one-electron reduction. 
4.3.4   Influence of [CCl3CO2H] and [H2O] on the non-carboxylato bridging ligand 
Overall the electrochemistry of 2a in the presence of 10 equiv. of CCl3CO2H is not affected 
by a further increase in CCl3CO2H concentration (up to 250 equiv.); however, several 
minor changes are observed (Figure 4.18). Whereas in the absence of CCl3CO2H acid for 
2a redox processes are not observed between 0.4 and 1.2 V, in the presence of increasing 
amounts of CCl3CO2H acid, the concentration of 2d increases (Ep,c 0.7 V). Concomitantly, 
the intensity of the reduction wave of 2a at Ep,c 0.29 V decreases. This indicates that at 
higher acid concentrations, an equilibrium between 2a and 2d changes in favor of the latter. 
Likewise, the effect of H2O addition was investigated. For 2a, in the presence of 10 equiv. 
of CCl3CO2H, an increase of the concentration of H2O has a similar effect as an increase of 
the concentration of CCl3CO2H (Figure 4.18), confirming that the equilibrium is not 
dominated by [H+] but rather by the presence of water required to effect opening of the 
µ-oxo bridge of 2a to form 2d. 
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Figure 4.18 Cyclic voltammetry (100 mV s-1) of 2a (1 mM) in CH3CN (0.1 M 
TBAPF6). a) presence of 1 mM (thick line), 5, 10, 50 mM (dotted lines) and 
250 mM (thin line) CCl3CO2H. and b) in the presence of 0 mM (thick line), 5, 10, 
50 mM (dotted lines) and 500 mM (dashed line) H2O. Initial scan direction is 





4.3.5   Interaction of 2a-d with H2O2. 
The cyclic voltammetry of 2a in the presence of H2O2 is depicted in Figure 4.19. Upon 
addition of H2O2, the irreversible two-electron reduction of 2a is unaffected (Ep,c 0.29 V). 
However, addition of H2O2 renders the oxidation of 2c (Ep,a 1.10 V) completely 
irreversible, i.e. the return reduction steps are no longer observed at Ep,c 0.99 and 0.71 V. In 
addition a new irreversible oxidation wave at Ep,a 1.00 V is observed, which remains until 
all H2O2 has been consumed. It is reasonable to conclude that this new redox wave is due to 
ligand exchange of H2O with H2O2 for complex 2c (an equilibrium, which would benefit 
from the increased ligand lability21 expected for a MnII2 complex compared with MnIII2). 
However, the new oxidation wave is not electrocatalytic in nature, i.e. its intensity is not 
influenced significantly by the presence of excess of H2O2 (50 equiv.). The irreversible 
oxidation of this new species to a MnIII2 state results in formation of 2a rather than 2d. 
Indeed it is apparent that complex 2d reacts with H2O2 very rapidly, in stark contrast to 2a, 
which is largely unaffected by even a 50 fold excess of H2O2. The stability of 2a in the 
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Figure 4.19 Cyclic voltammetry (100 mV s-1) in CH3CN (0.1 M TBAPF6). Complex 
2a (1 mM) with CCl3CO2H (10 mM) prior to (upper/solid line), after (ca. 30 s, 
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4.4   Formation of [MnIII2(O)(RCO2)2(tmtacn)2]2+ complexes from 
[MnIV2(O)3(tmtacn)2]2+ 
4.4.1   Electrochemical reduction in the presence of trichloroacetic acid 
As reported previously by Hage et al.,11 in CH3CN complex 1 exhibits a chemically 
irreversible reduction at Ep,c -0.61 V (vs. SCE, Figure 4.20). However, in the presence of 
acid (either inorganic acids such as sulphuric acid11 or HPF6 or carboxylic acids such as 
CCl3CO2H) one of the µ-oxo bridges of 1 is protonated.11 This protonation results in an 
anodic shift of 600 mV (Figure 4.20). In the presence of a carboxylic acid, the new return 
waves indicate that the chemical changes in complex 1 result in the formation of 
bis(µ-carboxylato) species (e.g. the processes at Ep,a 1.10 and Ep,c 0.74 V, Figure 4.20, solid 
line). Bulk reduction of 1 in the presence of 10 equiv. CCl3CO2H or CH3CO2H was 
followed by both cyclic voltammetry, UV-Vis and ESR spectroscopy. 
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Figure 4.20 Cyclic voltammetry in CH3CN (0.1 M TBAPF6), scan rate 100 mVs-1. 
1 (mM) in the absence (dotted line) and presence of CCl3CO2H (10 mM) (solid line).  
Comparision between the cyclic voltammetry before and after addition of CCl3CO2H 
indicates that the initial reduction of H1+ becomes a four electron processvi (Figure 4.20). 
Bulk electrochemical reduction of 1 in the presence of 10 equiv. of CCl3CO2H at -0.2 V 
                                                     
vi As estimated from the area of the cathodic wave in the presence of CCl3CO2H (Ep,c 0.15 V), relative 
to the area of the cathodic wave in the absence of CCl3CO2H (Ep,c -0.61 V) (Figure 4.20) and assumes 
no change in diffusion coefficients. Coulometry was not practical due to H2 evolution at the counter 





results in the formation of 2c. This assignment is based upon UV-Vis spectroscopy 
(Figure 4.21a) and cyclic voltammetry (Figure 4.21b) by comparison with a sample 
synthesised independently (Figure 4.14-4.16). Subsequent bulk oxidation at 1.10 V results 
in the formation 2d (Figure 4.21).  



































Figure 4.21 a) UV.Vis spectroscopy of 1 (1 mM) in the presence of CCl3CO2H 
(10 mM) in CH3CN (0.1 M KPF6) before (solid line), after bulk reduction at -0.2 V 
(dashed line) and after bulk reoxidation at 1.10 V (dotted line). b) Cyclic 
voltammetry (0.1 V s-1) of 1 (1 mM) in the presence of CCl3CO2H (10 mM) in 
CH3CN (0.1 M KPF6) i) before and ii) after bulk reduction at -0.2 V and iii) after 
reoxidation at 1.10 V, initial scan direction anodic starting from OCP as indicated by 
the arrows. 
4.4.2   Electrochemical reduction in the presence of acetic acid 
When the bulk electrolysis of 1 is performed in the presence of 10 equiv. of CH3CO2H, in 
place of CCl3CO2H, similar changes are observed. However, upon bulk oxidation (at 
0.76 V) of the MnII2 complex formed initially (i.e. the µ-acetato equivalent of 2c) the µ-oxo 
bridged dinuclear complex 3a {MnIII2(µ-O)} is obtained and not the µ-acetato analogue of 
2d {MnIII2(OH)2} apparent from the reduction at Ep,c -0.17 V (Figure 4.22).  
Bulk reduction at -0.3 V of 3a (1 mM) in CH3CN (in the presence of CH3CO2H, 10 mM) 
resulted in the formation of the corresponding {MnII2(µ-O2H3)(µ-CH3CO2)2} species, 
analoguous to 2c (Figure 4.23 i). Wieghardt et al.2,6 have reported the irreversibility of the 
two-electron reduction of 3a, which was observed in the presence of H2O and this 
irreversibility was thought to be due to dissociation of the resulting MnII2 dimer into two 
MnII monomers. However, the ESR spectrum after bulk reduction of 3a shows that the 
dinuclear structure of the MnII2 complex remains essentially intact. Instead, the reduction is 
accompanied with protonation and subsequent opening of the µ-oxo bridge by water, 
resulting in the formation of the corresponding {MnII2(µ-O2H3)(CH3CO2)2} complex, i.e. 
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Figure 4.22 a) UV.Vis spectra of 1 (1 mM) with CH3CO2H (10 mM) in CH3CN 
(0.1 M KPF6) before (thick solid line) and after (lower solid line) bulk reduction at 
-0.35 V, and after bulk reoxidation at 0.76 V (upper solid line). b) Cyclic 
voltammetry (0.1 Vs-1) of 1 (1 mM) with CH3CO2H (10 mM), i) before (black line) 
and ii) after bulk reduction at -0.35 V (blue line) and iii) after reoxidation at 0.76 V 
(red line) initial scan direction cathodic from OCP.  







Figure 4.23 X-band ESR spectra of 3a (1 mM) in CH3CN (0.1 M TBAPF6) i) after 
bulk reduction at -0.3 V and ii) followed by reoxidation at 0.8 V.  
4.4.3   Chemical reduction 
In addition to electrochemical reduction, chemical reduction of 1 in the presence of 
carboxylic acids can be achieved with various reductants as well, for example by H2O2, 
H2NNH2 or, as was already mentioned during the description of the synthesis of complexes 





Strong acids such as HClO4 or H2SO4 are known to protonate complex 1 in CH3CN 
solution, as can be observed by UV-Vis spectroscopy.8,11 Similarly, addition of 10 equiv. of 
HPF6 or CCl3CO2H to 1 in CH3CN results in (partial) protonation.  
When H2O2 is added to a solution of 1 in CH3CN, catalase activity is observed. However, in 
the presence of acid, this catalase activity is suppressed. Moreover, when H2O2 is added to 
a solution of 1 in the presence of 10 equiv. of CCl3CO2H, complete conversion of 1 is 
observed together with the formation of 2a (Figure 4.24a). A lag period is found for this 
conversion to 2a, together with a sigmoidal shape in the kinetics of the conversion 
(Figure 4.24b). The kinetics of the formation of 2a from 1 suggest an autocatalytic 
process.vii When the corresponding sodium salt (i.e. CCl3CO2Na) was employed instead of 
CCl3CO2H, catalase activity was noticeable and the formation of 2a was not observed. 
a) 
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Figure 4.24 a) UV-Vis of i) 1 (1 mM), ii) 1 (1 mM) and CCl3CO2H (10 mM) and 
iii) same as (ii) after 15 min of adding H2O2 (53 equiv.). b) formation of 2a from 1 
followed at 545 nm. 
Although both 122 and 2a are ESR silent, the reduction of 1 to 2a by H2O2 was followed by 
ESR spectroscopy over a series of concentrations of CCl3CO2H (Figure 4.25a). In the 
absence of CCl3CO2H no signals were observed. However, in the presence of 1 equivalent 
of CCl3CO2H, a weak 16-line signal (A = 76 G) is observed, which is attributed to the 
presence of the mixed valent complex [MnIII,IV2(µ-O)2(µ-CCl3CO2)(tmtacn)2]2+ based upon 
comparison with the complex [MnIII,IV2(µ-O)2(µ-CH3CO2)(TMEM-2)]2+. At higher 
concentrations of CCl3CO2H (2-250 equiv.), a weak 6-line signal (A = 100 G) was 
observed, with its intensity increasing with increasing concentration of CCl3CO2H. This 
signal is assigned to a minor amountviii of mononuclear [MnII(CCl3CO2)3]-, which is formed 
                                                     
vii The conversion of 1 into 2a proceeds via a complex set of (ligand exchange and redox) reactions 
which is not understood fully and most likely involves a number of (carboxylato bridged) 
intermediates. It is apparent that one of these intermediates is capable of reducing H1+, resulting in 
the (auto)catalytic chemistry involved.  
viii It should be noted that the amount of free MnII formed is minor as judged by comparison with 
MnII(ClO4)2/CCl3CO2H (Figure 4.25b). Moreover, following the formation of 2a from 1 in the 
presence of 10 equiv. of CCl3CO2H by UV-Vis spectroscopy has revealed that at least 90% of the 
manganese can be accounted for in the form of the dinuclear complex 2a (Figure 5.1). 
  
95 
Redox-state dependent coordination chemistry of the Mn-tmtacn family of complexes 
as a result of dissociation of the tmtacn ligand. This assignment was confirmed by 
comparison with the signal of a mixture of MnII(ClO4)2.6H2O and 250 equiv. CCl3CO2H in 
CH3CN (Figure 4.25b) and by the observation of the anion by negative mode ESI-MS 
(m/z 538 [MnII(CCl3CO2)3]-, data not shown). 
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Figure 4.25 X-band ESR spectra at 77 K in CH3CN. a) 1 (1 mM) with CCl3CO2H 
(0-250 mM) 15 min after addition of H2O2 (53 equiv.). b) 1 (1 mM) with CCl3CO2H 
(250 mM) 15 min after addition of  H2O2 (53 equiv.) (solid line) and 
MnII(ClO4)2.6H2O (2 mM) in the presence of CCl3CO2H (250 mM) (dotted line).  
The quantitative conversion of 1 in the presence of CCl3CO2H and H2O2 was confirmed by 
ESI-MS and 1H NMR spectroscopy (Figure 4.26). However, due to the paramagnetic nature 
of the MnIII2 bis(µ-carboxylato) complexes, non-standard catalytic concentrations (i.e. 
[1] = 20 mM, and [CCl3CO2H] 200 mM) are required to observe 1H NMR spectra of the 
complexes.ix Addition of excess of H2O2 (53 equiv.) to a mixture of 1 and 10 equiv. of 
CCl3CO2H in CH3CN resulted in a series of new signals assigned to 2a (Figure 4.26c), in 
addition to weaker 1H NMR signals assigned to 2d [Mn2III(OH)2]2+.x 
 
                                                     
ix Changing to higher concentration is not without consequences. Although most measurements 
described in this chapter, unless indicated otherwise, were performed at the same concentrations as 
employed in the catalytic studies reported in Chapter 3 and 5, i.e. 1 mM manganese dimer and 10 mM 
carboxylic acid, increasing the concentration of carboxylic acid results in the formation of a species 
not normally encountered under catalytic conditions. Mononuclear [MnII(CCl3CO2)3]- was observed 
by both ESR (6-line, A = 100 G) and ESI-MS (m/z 538) upon in situ formation of 2a from 1 with 
H2O2 using higher CCl3CO2H concentrations. 
x The assignment of this new species as 2a was based on comparison with the 1H NMR spectrum of 
the related bis(µ-acetato) complex 3a, published by Hage et al. (ref. [13]) Addition of 10 equiv. of 
CCl3CO2H to a solution of 3a results in the appearance of a similar spectrum, due to ligand exhange 






































Figure 4.26 (top) 1H NMR (400 MHz, CD3CN) spectra of a) 1 (20 mM) with 
CCl3CO2H (200 mM). b) as for (a) except 1 h after addition of H2O2 (53 equiv.) in 
two portions. c) 3a (20 mM) with CCl3CO2H (200 mM) after 24 h. d) 3a (20 mM). 
(bottom) ESI-MS of 1 (1 mM) in CH3CN in the presence of 10 equiv. CCl3CO2H 
(10 mM) i) before and ii) 15 minutes after addition of 53 equiv. of H2O2, showing 
conversion of 1 and formation of 2a.  
4.5   Ligand exchange in MnIII2 complexes 
The dynamic solution chemistry of the dinuclear MnIII2 bis(µ-carboxylato) complexes was 
explored further through the ligand exchange of the µ-oxo, µ-carboxylato and tmtacn 
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ligands in 2a and 3a. As was observed by 1H NMR spectroscopy, the µ-acetato ligands of 
3a are replaced slowly by µ-trichloroacetato ligands in the presence of CCl3CO2H in 
CD3CN (Figure 4.26).  
The exchange of the µ-oxo bridge in 2a with the oxygen of (solvent) water was monitored 
by using ESI-MS employing 18O-labelled water (data not shown). The exchange of the µ-
oxo bridge in 2a (1 mM) in the presence of CCl3CO2H (10 mM) in CH3CN/H218O (9:1) 
with solvent water is complete within 1 min (i.e. within the time resolution of the 
experiment). Ligand exchange of the µ-oxo bridge of 3a is slower than for 2a (vide infra).xi 
The availibility of deuterated acetic acid and complex 3a-d18 with partly deuterated tmtacn 
ligands (i.e. (CD3)3-tacn) allows for comparison of the ligand exchange rates of the µ-oxo, 
µ-acetato and tmtacn ligands of 3a (Figure 4.27). For [MnIII2(µ-16O)(µ-
CH3CO2)2(tmtacn)2]2+ (3a) (m/z 293.4) relatively slow exchange of the µ-oxo ligand with 
18O from water was observed and the exchange was complete within 8 min (Figure 4.27 a 
and b) in CH3CN/H218O (9:1) in the presence of 10 equiv. CH3CO2H. This rate is 
comparable to that reported recently by Brudvig and coworkers for related dinuclear 
complexes.23 The exchange of the µ-acetato ligands with CD3CO2H occurs on a comparable 
time scale, with no further change in the relative ratios of the {MnIII2(µ-CH3CO2)2} 
(m/z 293.4), {MnIII2(µ-CH3CO2)(µ-CD3CO2)} (m/z 294.9) and {MnIII2(µ-CD3CO2)2} 
(m/z 296.4) signals after circa 8 min (Figure 4.27 c and d). The incomplete formation of 
{MnIII2(µ-CD3CO2)2} is expected statistically, since the addition of 10 equiv. of CD3CO2H 
to 3a results in a final ratio of non-deuterated and deuterated acetate of 1:5.xii 
Mixing equimolar amounts of 3a {MnIII2(tmtacn)2} and 3a-d18 {MnIII2(tmtacn-d9)2} in 
CH3CN/H2O (9:1) in the presence of 10 equiv. of CH3CO2H results in slow formation of 
the mixed ligand species 3a-d9 {MnIII2(tmtacn)(tmtacn-d9)}.xiii Even after 60 min only a 
small amount of the mixed ligand species is formed, far from equilibration to the 
statistically expected ratio of 25:50:25 (for 3a : 3a-d9 : 3a-d18) (Figure 4.27). The slow 
formation of the mixed ligand species 3a-d9 compared with the µ-oxo and µ-acetato 
exchange means that during the ligand exhange of both the µ-oxo ligand and the 




                                                     
xi As shown by electrochemistry (sections 4.4.1 and 4.4.2), complex 3a {MnIII2(µ-O)} is less prone to 
form the corresponding {MnIII2(µ-OH)2} complex (similar to 2d) then complex 2a. Since a smaller 
(equilibrium) concentration of the ‘open’ complex is present in case of 3a, slower 18O exchange with 
solvent water is expected (and is observed). 
xii When a larger excess of CD3CO2D was used (50 mM, 50 equiv. w.r.t. to 3) almost complete 
conversion was observed. 
xiii Similarly, mixing 3 and [MnIII2(µ-O)(µ-CH3CO2)2(tacn)2]2+ in CD3CN resulted in (partial) 
formation of mixed ligand species [MnIII2(µ-O)(µ-CH3CO2)2(tmtacn)(tacn)]2+ after 4 d at r.t. as 
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Figure 4.27 a) ESI-MS spectrum of 3a (1 mM) in CH3CO2H (10 mM) with 
H218O/CH3CN 1:9 v/v, at t= 30 s and t = 10 min. b) Time dependence of intensity at 
293.4 and 294.4 m/z (traces offset for clarity). c) CD3CO2-exchange performed in 
CH3CN/H2O-16 (9:1). t = 0 is time of addition of 10 equiv. of CD3CO2D. d) Time 
dependence of intensity at 293.4, 294.9 and 296.4 m/z (traces offset for clarity). 
e) mixture of 3a (0.5 mM) and 3a-d18 (0.5 mM) in CH3CN/H2O (9:1) containing 
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4.6   Summary 
4.6.1   Dinuclear Mn2 bis(carboxylato) complexes 
All data are consistent with the structures for 2a-d shown in Figure 4.2 and Scheme 4.2 
and, moreover, these structures are retained in CH3CN solution. These complexes are 
manganese dimers, where each Mn-cation is coordinated to a ‘capping’ tmtacn ligand. The 
differences between the complexes are in the oxidation state of the Mn-centres and in the 
bridging ligands. Complex 2a is a MnIII2 dimer with one µ-oxo bridge and two 
µ-trichloroacetate bridges. 2b is similar to 2a; however, it is a MnII2 dimer and the µ-oxo 
bridge is protonated giving a µ-hydroxo bridge. Complex 2c is a MnII2 dimer also, 
containing two µ-trichloroacetato bridges. However, the µ-hydroxy bridge is ‘opened’ by 
H2O and thus 2c contains a µ-O2H3 bridge. Finally, complex 2d is a MnIII2 dimer containing 
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Scheme 4.2 Summary of redox chemistry of 2a-d in 0.1 M TBAPF6/CH3CN in the 
absence and in the presence of CCl3CO2H (middle and lower). 
The dinuclear manganese bis(µ-trichloroacetato) complexes 2a-d show rich 
electrochemistry, both in the absence and, especially, in the presence of CCl3CO2H 
(Scheme 4.2). In the absence of CCl3CO2H both 2a and 2b undergo reversible one-electron 
reduction and oxidation, respectively. Complex 2c undergoes chemically irreversible two-





employed either shows i) a (quasi)reversible two-electron reduction (to form 2c), ii) 
undergoes deprotonation to form 2d {MnIII2(OH)2} or iii) undergoes a further chemical 
change: elimination of H2O to reform 2a.  
In the presence of CCl3CO2H the interchange between the various species is more complex 
and a series of chemically irreversible redox processes is observed. Although significant 
structural changes accompany some of the redox processes, overall ‘decomposition’ of 2a 
does not occur, i.e. the dinuclear bis(carboxylato) structure remains intact. The proton-
coupled two-electron reduction of 2a to form 2b is followed, in the presence of CCl3CO2H, 
by opening of the µ-OH bridge to form the corresponding µ-O2H3 bridged complex, 2c. 
This species undergoes a (chemically) irreversible two-electron oxidation to form H2d3+ 
{MnIII2(µ -O2H3)}, which undergoes deprotonation to form 2d. Thus, although the dinuclear 
structure of the manganese bis(µ-carboxylato) complexes is not affected upon change of the 
redox state of the manganese centres, the nature of the bridging, non-carboxylato ligand 
does change upon interaction with excess of CCl3CO2H and/or water and µ-O, µ-OH, µ-
O2H3 and µ-O2H2 bridges are observed for 2a, 2b, 2c and 2d, respectively. 
Complexes 2a and 2d are in equilibrium with each other, as is inferred from the exchange 
of the µ-oxo bridge of 2a with solvent water. This equilibrium is affected both by the acid 
and H2O content of the CH3CN solvent. High acid and/or high H2O concentration favours 
the formation of 2d at the expense of 2a. During the µ-oxo and µ-carboxylato exchange the 
dinuclear structure of the MnIII2 bis(µ-carboxylato) complexes is retained. 
4.6.2   Redox driven ligand exchange of 1 
Partial protonation of one of the µ-oxo bridges of 1 occurs in the presence of acids such as 
CCl3CO2H. Reduction is then followed by ligand exchange of two µ-oxo bridges by two 
µ-carboxylato ligands to form 2c (Scheme 4.3). Subsequent oxidation and loss of H2O 
results in the formation of 2a. In addition to electrochemical reduction, the initial reduction 
can be achieved using chemical reductants also, as for example, with L-ascorbic acid, 
which is used during the synthesis of the dinuclear MnIII2 bis(µ-carboxylato) complexes 
from 1 (Scheme 4.1 and Appendix B) or with H2O2 to prepare 2a in CH3CN in situ 































































Scheme 4.3 Formation of 2a from 1.  
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4.7   Conclusions 
Upon either electrochemical or chemical reduction in the presence of carboxylic acids 
complex 1 is converted to the corresponding MnIII2 bis(µ-carboxylato) complexes such as 
2a. It is important to note that these MnIII2 bis(µ-carboxylato) complexes retain their 
dinuclear structure upon two-electron reduction, as opposed to the dissociation into two 
MnII monomers as proposed earlier by Wieghardt and coworkers.2,19 The nature of the 
non-carboxylato bridging ligand in 2a-d (i.e. µ-O, µ-OH, µ-O2H3 and µ-O2H2, respectively) 
is both dependent on the oxidation state of the Mn-centres and on the presence of 
carboxylic acids or water in the CH3CN solution.  
The dynamic solution chemistry of these manganese dimers holds not only relevance to 
manganese-containing enzymes. The understanding of this dynamic solution chemistry is 
key to understanding the oxidation catalysis exhibited by Mn-tmtacn, certainly in light of 
the poor understanding of the mode of action of Mn-tmtacn catalysts. Many of the effects 
and processes described here will therefore be related to the catalytic activity of Mn-tmtacn 
in the following chapters.  
4.8   References  
 
1 See for example: a) Wieghardt, K.; Bossek, U.; Zsolnai, L.; Huttner, G.; Blondin, G.; Girerd, J.-J.; 
Babonneau, F.  J. Chem. Soc., Chem. Commun. 1987, 651-653. b) Bossek, U.; Weyhermüller, T.; 
Wieghardt, K.; Nuber, B.; Weiss, J. J. Am. Chem. Soc. 1990, 112, 6387-6388. See Chapter 2 for a 
more extensive list of references. 
2 Wieghardt, K.; Bossek, U.; Nuber, B.; Weiss, J.; Bonvoisin J.; Corbella, M.; Vitols, S.E.; Girerd, J.J. 
J. Am. Chem. Soc. 1988, 110, 7398-7411 
3 Wieghardt, K.; Bossek, U.; Nuber, B.; Weiss, J.; Gehring, S.; Haase, W. J. Chem. Soc., Chem. 
Commun. 1988, 1145-1146. 
4 Birkelbach, F.; Flörke, U.; Haupt, H.-J.; Butzlaff, C.; Trautwein, A. X.; Wieghardt, K.; Chaudhuri, 
P. Inorg. Chem. 1998, 37, 2000-2008. 
5 Marlin, D. S.; Bill, E.; Weyermüller, T.; Bothe, E.; Wieghardt, K. J. Am. Chem. Soc. 2005, 127, 
6095-6108. 
6 Wieghardt, K.; Bossek, U.; Ventur, D.; Weiss, J. J. Chem. Soc., Chem. Commun. 1985, 347-349. 
7 Wieghardt, K.; Bossek, U.; Bonvoisin, J.; Beauvillain, P.; Girerd, J.-J.; Nuber, B.; Weiss, J.; Heinze, 
J. Angew. Chem. 1986,  98, 1026-1027. 
8 Niemann, A.; Bossek, U.; Wieghardt, K.; Butzlaff, C.; Trautwein, A. X.; Nuber, B. Angew. Chem. 
Int. Ed. Engl. 1992, 31, 311-313. 
9 Darovsky, A.; Kezerashvili, V.; Coppens, P.; Weyhermüller, T.; Hummel, H.; Wieghardt, K. Inorg. 
Chem. 1996, 35, 6916-6917. 
10 Bossek, U.; Weyhermüller, T.; Wieghardt, K.; Nuber, B.; Weiss, J. J. Am. Chem. Soc. 1990, 112, 
6387-6388. 








12 Hotzelmann, R.; Wieghardt, K.; Flörke, U.; Haupt, H.-J.; Weatherburn, D. C.; Bonvoisin, J.; 
Blondin, G.; Girerd, J.-J.  J. Am. Chem. Soc. 1992, 114, 1681-1696. 
13 Hage, R.; Gunnewegh, E. A.; Niël, J.; Tjan, F. S. B.; Weyhermüller, T.; Wieghardt, K. Inorg. Chim. 
Acta 1998, 268, 43-48. 
14 Wieghardt, K.; Bossek, U.; Nuber, B.; Weiss, J. Inorg. Chim. Acta 1987, 126, 39-43. 
15 For examples of the bridging µ-O2H3 structural motif see: a) Stibrany, R.T.; Gorun, S. M. Angew. 
Chem. Int. Ed. Engl. 1990, 29, 1156-1158. b) Jaime, E.; Weston, J. Eur. J. Inorg. Chem. 2006, 
793-801. c) Bauer-Siebenlist, B.; Meyer, F.; Farkas, E.; Vidovic, D.; Dechert, S. Chem. Eur. J. 2005, 
4349-4360. d) De Munno, G.; Viterbo, D.; Caneschi, A.; Lloret, F.; Julve, M. Inorg. Chem. 1994, 33, 
1585-1586. e) Dong, Y.; Fujii, H.; Hendrich, M. P.; Leising, R. A.; Pan, G.; Randall, C. R.; 
Wilkinson, E. C.; Zang, Y.; Que, Jr., L.; Fox. B. G.; Kauffmann, K.; Münck, E. J. Am. Chem. Soc., 
1995, 117, 2778-2792. f) Ardon, M.; Bino, A.; Michelsen, K.; Pedersen, E.; Thompson, R. C. Inorg. 
Chem., 1997, 36, 4147-4150. 
16 Pessiki, P. J.; Khangulov, S. V.; Ho, D. M.; Dismukes, G. C. J. Am. Chem. Soc. 1994, 116, 
891-897. 
17 Meyer, F.; Rutsch, P. Chem. Commun. 1998, 1037-1038. 
18 Ruf, M.; Weis, K.; Vahrenkamp, H. J. Am. Chem. Soc. 1996, 118, 9288-9294. 
19 Wieghardt, K.; Bossek, U.; Ventur, D.; Weiss, J. J. Chem. Soc., Chem. Commun. 1985, 347-349. 
20 Sawyer, D. T.; Sobkowiak, A.; Roberts, Jr., J. L. Electrochemistry for Chemists (second edition), 
Wiley, New York, 1995. 
21 McAuliffe, C. A.; Godfrey, S. M.; Watkinson, M. Manganese: Inorganic & Coordination 
Chemistry, in: Encyclopedia of Inorganic Chemistry, volume 4, King, B. R. (ed.), Wiley, New York, 
1994, 2075-2118. 
22 Hage, R.; Iburg, J. E.; Kerschner, J.; Koek, J. H.; Lempers E. L. M.; Martens R. J.; Racherla, U. S.; 
Russell S. W.; Swarthoff, T.; van Vliet M. R. P.; Warnaar, J. B.; van der Wolf, L.; Krijnen, B. Nature 
1994, 369, 637-639. 
23 Tagore, R.; Chen, H.; Crabtree, R. H.; Brudvig, G. W. J. Am.Chem.Soc. 2006, 128, 9457-9465.  
